Introduction
============

Actin filaments are central components of the cytoskeleton that interact with numerous actin-binding proteins in executing their important roles in cell motility, cell-polarization, and other cellular activities [@b45]; [@b8]; [@b31]; [@b4]; [@b12]. Actin is also a key component of the thin filaments in muscle. During muscle contraction, the thin filaments interact with arrays of myosin II molecular motors in the thick filaments of the sarcomere causing the thin and thick filaments to slide relative each other.

The actin filament can be described as composed of two right-handed helical proto-filaments that are wound around each other and where each protofilament consists of a chain of G-actin monomers [@b22]; [@b37]; [@b17]. Whereas this is the basic theme of the actin filament structure, several studies suggest that the actin filaments exist in a range of different structural states [@b59]; [@b38]; [@b46]; [@b47]; [@b5]; [@b24]; [@b57]; [@b30]; [@b54]; [@b13], [@b12] \], varying with respect to intra- and inter-monomer dynamics, the average helical twist of the filament etc. Furthermore, the equilibrium among the different states seems to vary with, e.g., tension in the filament [@b55]; [@b12] as well as the presence of a range of actin binding proteins (including myosin) [@b38]; [@b39]; [@b5]; [@b24]; [@b57]; [@b30].

One way to probe for different structural actin filament states is by measuring the flexural rigidity (*EI*) of the actin filament [@b59]; [@b14]; [@b38]; [@b20]; [@b5]. Here, *E* is the Young\'s modulus of the filament and *I* is the second moment of inertia (proportional to the filament radius raised to the power of four). The flexural rigidity is most conveniently quantified by the persistence length *L*~P~ = *EI*/*kT* where 1/*kT* is the Boltzmann factor. In practice, the persistence length can be estimated from appropriate averages of the instantaneous shapes of a large number of fluorescence labeled actin filaments that are executing pseudo-two-dimensional thermal fluctuations between two cover-slips in solution [@b59]; [@b14]; [@b38]; [@b20]. However, an alternative approach [@b57] is to observe the winding paths of a large number of the filaments when they are propelled by myosin motors or heavy meromyosin (HMM) motor fragments adsorbed to a surface in the in vitro motility assay [@b27]; [@b28]. Thus, we showed [@b57] theoretically [@b10] that the, so called, path persistence length of actin filaments in this assay should directly correspond to the filament persistence length. We also verified experimentally [@b57] that the path persistence length, estimated from the average change in tangent angle along the paths of HMM propelled actin filaments, is very similar to the persistence length estimated under similar conditions from images of filaments executing thermal fluctuations in solution. Further corroboration of this idea was recently obtained in measurements, using the two different approaches, of the persistence length of actin filament bundles cross-linked using the actin-binding protein fascin [@b52]. Now, if there are several different meta-stable states of the actin filament (see above) [@b59]; [@b38]; [@b39]; [@b24]; [@b57]; [@b13] there may also be several different persistence lengths. It is not unlikely that the equilibrium between the states, and thereby the average persistence lengths, are altered for actin filaments with cardiomyopathy point mutations or for actin filaments that bind troponin or tropomyosin with such mutations. Therefore, persistence length measurements may contribute with important mechanistic insights into disease mechanisms. Moreover, the estimation of the actin filament persistence length from the filament paths give information about the effects of mutations on the actin filament when it interacts with myosin, of particular relevance, e.g., for cardiomyopathies. More generally, estimates of actin filament persistence length from filament paths adds to other relevant information obtained using an in vitro motility assay, transforming such assays further into high-content assays. Thus, importantly, a wide spectrum of information is obtained in one experiment and with limited amounts of proteins, e.g., as might be obtained in biopsies.

However, in order to make the assay generally useful for persistence length measurements, it is important to clarify methodological issues that may affect the results. This is the main purpose of the present paper. Our results, based on experiments and extensive Monte-Carlo simulations of actin filament paths [@b35]; [@b36]; [@b34] suggest a robust approach for accurate and reproducible estimates of the persistence length of HMM propelled actin filament paths in the in vitro motility assay.

Results and Discussion
======================

Experimental Conditions
-----------------------

We focus this article on the data analysis and only some key experimental complications (e.g., pixel-size) are studied systematically. However, some further experimental considerations deserve comments. First, it is essential to avoid formation of an anisotropic surface substrate for myosin motor adsorption [@b58]. Thus, it is important to avoid forming either topographically or chemically defined patterns on the surface as both may give rise to guiding of myosin propelled actin filament sliding in certain preferred directions \[e.g., reviewed in [@b33]. We have found that trimethylchlorosilane (TMCS) derivatized surfaces [@b51]; Albet-[@b1]; [@b33] are excellent for avoiding anisotropic surface substrates, showing generally great uniformity in chemistry and very low surface roughness. However, we have also performed experiments on nitrocellulose coated surfaces with seemingly similar results as on TMCS. Another issue to consider is self-organization of actin filaments that may arise on motility assay surfaces at high densities of actin filament [@b26]; [@b58]; [@b7], e.g., if non-fluorescent blocking actin is used at high densities [@b51] to block pinning of actin filaments on rigor-like myosin heads [@b18]. Such self-organization phenomena are essential to avoid as they encompass collective sliding of a large number of filaments along similar paths. Low incubation concentrations of blocking actin are important in this regard, particularly in the presence of methylcellulose. In an early study, we found that blocking actin concentrations of 1 µM or less [@b51] was sufficient to avoid problems also in the presence of methylcellulose and this is what we used here. Under these conditions, we observed no effect of methylcellulose on estimates of persistence length values [@b57]. Furthermore, we found (unpublished) similar persistence length values if blocking actin was omitted altogether. With regard to blocking actin, it is also important to consider the possible effect of phalloidin on the persistence length in relation to the fact that blocking actin filaments may anneal to the front end of a sliding filament [@b57]. If we study phalloidin-labeled actin filaments in the assay we therefore always also use phalloidin-labeled filaments for preparation of the non-fluorescent blocking actin and vice versa. Non-isotropic motor induced sliding, even if not detected by quick inspection of image sequences, is likely to lead to deviations of the cosine correlation function from a single exponential decay function. However, there may be other reasons for this (see below). Another way to detect anisotropy would be to plot a frequency distribution of all instantaneous angular sliding directions for all filaments studied. This distribution should be uniform in the range \[−π, π\] radians.

It may often be of interest to perform experiments in the absence of phalloidin [@b57]; [@b9]. In this case, the most convenient approach is to label the actin filaments by covalent attachment of fluorescent dyes. Previously, Vikhorev et al. [@b57] used *N*-hydroxysuccinimide (NHS)-rhodamine for this purpose with covalent attachment to the most reactive lysine(s) of 0.4 NHS-rhodamine per actin monomer on average. The lysine mediated coupling seems benign without appreciable effects on actin polymerization and actomyosin motor function [@b29]; [@b44]. As an alternative to covalent functionalization, the actin filaments may also be visualized (and stabilized) by adding fluorescently labeled tropomyosin [@b9]. A possible issue with experiments in the absence of phalloidin is the maintenance of the polymerized state. Importantly, however, previous results [@b6]; [@b43]; [@b57] suggest that this is not a real problem. For instance, Vikhorev et al. \[2008\] were able to observe actin filaments in the absence of phalloidin for \>1 h after dilution to a concentration below that critical for polymerization.

The measurements of the actin filament persistence length from in vitro motility assay data rely on Eq. [1](#e1){ref-type="disp-formula"} for the decay of the CCF for polymers executing thermal fluctuations in two dimensions. If three-dimensional (3D) fluctuations are allowed, the exponent of Eq. [1](#e1){ref-type="disp-formula"} should be changed from *s*/(2*L*~P~) to *s*/*L*~P~ [@b19], i.e., for a given *L*~P~ the CCF would decay to 1/*e* for a lower value of *s*. The 3D case [@b49]; [@b32] is of relevance for persistence length measurements using stationary filaments (e.g., on electrically charged glass surfaces [@b2] or on electron microscopy grids [@b38]). Thus, as these filaments have executed thermal fluctuations in solution before deposition on the surface, the filament shape after surface biding may, in the case of strong surface--polymer interactions, represent a "trapped" projection of the 3D shape. This case is often associated with formation of surface loops and reduced apparent persistence length [@b32]. In contrast, weak surface binding allows two-dimensional relaxation of filaments on the surface and calculation of the persistence length directly using Eq. [1](#e1){ref-type="disp-formula"} but with *s* taken as the distance along the filament.

Data Analysis
-------------

Monte-Carlo simulations were performed to analyze critical factors in path persistence length measurements. The simulations have appreciable advantages over experimental data for this purpose as an unambiguous theoretical persistence length (*L*~P~^theor^) can be defined. The similarity between simulated and experimental data based on 500 and 300 independent paths, respectively, are illustrated in [Fig. 1](#fig01){ref-type="fig"}. These data were simulated with *L*~P~^theor^ = 10 µm, compared to experimental data with *L*~P~ ≈ 11.52 ± 0.46 µm (from fit of Eq. [1](#e1){ref-type="disp-formula"}).

![Fit of single exponential decay function to the cosine correlation function where the latter is based on experimental or simulated data. (A) Experimental data (velocity: 9.27 ± 0.35 µm s^−1^, mean ± 95% CI; frame rate 5 s^−1^). (B) Simulated data (velocity: 10 µm·s^−1^; frame rate 10 s^−1^). *Insets*: Relative frequency distribution of angular changes between subsequent measurements.](cm0070-0718-f1){#fig01}

Before plotting of the CCF for the experimental data in [Fig. 1](#fig01){ref-type="fig"}, abrupt large changes in sliding direction (e.g., due to rigor heads), were removed as described in greater detail below. It can be seen that the CCF for both data sets are well fitted by an exponential function. Some variability of data around the exponential curve is attributed to the stochastic nature of the paths underlying the averages in the CCF. The good fit to the exponential function is consistent with the idea that only the first Gaussian term in Eq. [3](#e3){ref-type="disp-formula"} determines the update in sliding direction between analyzed frames. This is, of course, self-evident for the simulated data where the updates were drawn from a Gaussian distribution with standard deviation as in Eq. [1](#e1){ref-type="disp-formula"}. However, importantly, for the experimental data, the results suggest that the tracking and analysis algorithm is effective in isolating the Gaussian component. Indeed it can be seen in the Gaussian fits of the experimental data (inset, [Fig. 1](#fig01){ref-type="fig"}A) that there are some anomalous large changes in sliding direction between measurements. The largest of these (\>1.5 radians and \<−1.5 radians) were eliminated by the analysis program before fitting the exponential function to the CCF (see further below).

We now performed simulations (*L*~P~^theor^ = 10 µm) with different numbers of independent filament paths. This allowed us to test how many such paths are needed for accurate and reproducible determination of the persistence length, following the approach in the "Materials and Methods" section. [Figure 2](#fig02){ref-type="fig"} shows estimates of path persistence lengths based on different numbers (in the range 50--2000) of simulated independent filament paths, each of 1 s duration (velocity 10 µm·s^−1^). For each number of independent paths, 10 different simulations were performed and for each data set, *L*~P~ was obtained from an exponential fit to the CCF (Eq. [1](#e1){ref-type="disp-formula"}). It can be seen in [Fig. 2](#fig02){ref-type="fig"}, that if more than about 200 and less than 1000 paths were followed, none of the 10 individual estimates for each given number of paths was different from *L*~P~^theor^ by more than 1.8 µm. When 1000--2000 independent paths were studied, only two out of 10 individual estimates differed from *L*~P~^theor^ by more than 0.5 µm. Data pooled over path length intervals of 1 or 0.5 μm were averaged and located in the midpoint of the interval in fitting the CCF. Virtually indistinguishable fits were obtained using the two different intervals (data not shown). We also tested whether the 95% CI for the exponential fit of the CCF could be used as indicator of the accuracy of the *L*~P~ determination. It is clear from [Fig. 2](#fig02){ref-type="fig"}B that the individual 95% CIs obtained in fits based on 100 or less independent paths only rarely (most certainly not in 95% of the cases) are wide enough to include also the true *L*~P~. Therefore, the uncertainty in the estimates of *L*~P~ from few independent paths is considerably more substantial ([Fig. 2](#fig02){ref-type="fig"}A) than indicated by the 95% CI.

![Effect of number of independent filament paths on reproducibility in path persistence length estimates from single exponential fits to the CCF. Each data point represents a persistence length value obtained by exponential fit to the CCF for Monte-Carlo simulated data with the given number of independent paths. The underlying persistence length, *L*~P~^theor^, as a basis for all simulations was 10 µm. (A) Mean values for obtained persistence lengths at different numbers of independent paths. (B) 95% confidence intervals obtained in the non-linear regression single exponential fits for data presented in A.](cm0070-0718-f2){#fig02}

To summarize the requirements on the number of independent filament paths, this number should ideally be about 200 or greater. All analyses below follow this recommendation if not otherwise stated.

In experiments, errors are introduced in the estimate of the tangent angle along the filament path due to the finite pixel-sizes. This effect may become severe if the filament slides only a short distance compared to the pixel-size between two subsequent measurements, e.g., with large pixel-size, low velocity, high frame rates, or a combination of these factors. Errors may also be introduced if the sliding distance between subsequent frames is so long that the path curvature is truncated ([Fig. 3](#fig03){ref-type="fig"}A) [@b18]. In order to elucidate these effects, simulations were performed using different combinations of velocity, pixel-size and time between frames as well as different pre-determined persistence lengths, *L*~P~^theor^. In [Fig. 3](#fig03){ref-type="fig"}B, we present simulated results for the case with low velocity (2.5 µm·s^−1^) as seen e.g., at low MgATP concentrations or low temperature. We performed the simulations on the assumption of different pixel-sizes (0.02, 0.165, 0.33, and 0.66 µm/pixel) and a frame rate of 5 s^−1^, corresponding to a sliding distance between analyzed frames of 0.5 µm. Thus, for the largest pixel-size, the simulated data points could end up in the same pixel for two consecutive frames, e.g., if the tangent angle of the filament path was 45% relative to the horizontal axis. Moreover, even for the second largest pixel-size the digitization error may be appreciable. These errors are reflected in the deviation of the cosine correlation function from a single exponential as illustrated in the simulated data in [Fig. 3](#fig03){ref-type="fig"}B. These deviations resulted in systematic errors in the persistence length estimated from single exponential fits ([Fig. 3](#fig03){ref-type="fig"}C). Thus, for the largest pixel-sizes we found either erroneously low (for the case with 0.33 µm pixel-size) or high (for 0.66 µm pixel-size) persistence length due to this complication. The basis, in the shape of the CCF, for these effects is clear from [Fig. 3](#fig03){ref-type="fig"}B. The pixel-size is not necessarily possible to modify in a given experimental set-up. On the other hand, as indicated above, the important parameter is not the pixel-size per se but rather the ratio *v*~f~Δ*t*/pixel-size.

![Digitization effects. (A) Illustration of truncation effects when analyzing a given filament path at different frame rates. The circles indicate observed filament positions when sliding at 3 µm·s^−1^ (filled circles) and 10 µm·s^−1^ (open circles), and the black, blue and red lines indicate apparent filament paths for 0.1, 0.2, and 0.4 s between analyzed frames, respectively. Each square in the grid corresponds to a pixel. (B) Simulated data. Fit of the CCF based on simulated data at different pixel-sizes to the exponential function (Eq. [1](#e1){ref-type="disp-formula"}). The simulations of filament paths at low velocity (2.5 µm·s^−1^) show changes in estimated persistence length value as a complication due to digitization effects related to finite pixel-size. The filaments were assumed to move 0.5 µm between analyzed frames (i.e., frame rate of 5 s^-1^). (C) Estimated persistence lengths (±95% CI) from the fits in B to simulated data, with the dashed line illustrating the theoretical persistence length (*L*~P~^theor^). Same color code as in B. (D) Fit of exponential function to CCF for experimental data with different time intervals between analyzed frames. In this experiment blocking actin was omitted, the pixel-size was 0.165^2^ µm^2^ and \[MgATP\] = 0.05 mM to reduce velocity (2.26 ± 0.04 µm·s^−1^; mean ± 95% CI, number of filaments (*n*~f~) 114). Finally, the persistence length was determined to 6.99 ± 0.57 µm (mean ± 95% CI), using 0.8 s between analyzed frames. The number of independent filament paths was 100 at 0.8 s. Note, the same experimental data was used just employing different time intervals between frames. (E) Effect of ratio *v*~f~Δ*t*/pixel-size on estimated persistence length. Simulated data. Open circles: *L*~P~^theor^ = 20 µm, filled symbols: *L*~P~^theor^ = 10 µm, included data from B to C (i.e., constant *v*~f~Δ*t*, same color code as in B and C), open squares: *L*~P~^theor^ = 5 µm, *L*~P~^theor^ illustrated with dashed lines. (F) Effect of *v*~f~Δ*t* on estimated persistence length in relation to underlying theoretical persistence length (*L*~P~^theor^). Same data as in E.](cm0070-0718-f3){#fig03}

In one set of experiments we reduced this ratio by reducing *v*~f~ as result of lowering \[MgATP\] to 0.05 mM. It is clear from [Fig. 3](#fig03){ref-type="fig"}D that this also reduced *L*~P~ (to 6.99 ± 0.57 µm) an issue that is briefly discussed below. More importantly, however, with the present methodological focus, we illustrate in [Fig. 3](#fig03){ref-type="fig"}D how changed Δ*t*, associated with changed *v*~f~Δ*t*/pixel-size ratio, led to altered shape of the cosine correlation function. It is shown that the deviation from the exponential function is appreciably reduced by increasing Δ*t* to compensate for the reduction in *v*~f~. A more extensive analysis of the effect of altering the ratio *v*~f~Δ*t*/pixel-size is depicted in [Fig. 3](#fig03){ref-type="fig"}E on basis of simulated data. It can be seen here that the exponential fit to the CCF gives an accurate estimate of the underlying *L*~P~^theor^ if the ratio *v*~f~Δ*t*/pixel-size is held within the rather wide range between 4 and 12 for the entire range of experimentally reasonable persistence lengths (5--20 µm). For lower values than 4, there are risks of digitization errors of the type illustrated in [Figs. 3](#fig03){ref-type="fig"}B and [3](#fig03){ref-type="fig"}C. At higher values than 12, truncation effects of the type illustrated in [Fig. 3](#fig03){ref-type="fig"}A may affect the estimate of the *L*~P~-value. It is also indicated in [Fig. 3](#fig03){ref-type="fig"}E that high path persistence lengths (*L*~P~^theor^) increase the sensitivity to digitization errors. This can be understood on basis of the straighter paths in this case. For instance, consider a filament sliding with a very small positive tangent angle related to the horizontal axis and initially projected onto the lower part of a given row of pixels. It is clear that this filament will be projected for longer time onto the same pixel row the higher the path persistence length, i.e., the longer sliding distance that is, on average, required before an appreciable change in sliding direction is expected.

It was initially surprising to note that the truncation of the filament path ([Fig. 3](#fig03){ref-type="fig"}A), seen if *v*~f~Δ*t* is large compared to *L*~P~, does not seem to cause serious errors in the estimate of the persistence length. This finding is even clearer from [Fig. 3](#fig03){ref-type="fig"}F where it can be seen that increases in *v*~f~Δ*t* up to 50% of *L*~P~^theor^ had negligible effect on the estimated path persistence length value. This finding can be understood by inspecting [Fig. 3](#fig03){ref-type="fig"}A where it can be seen that chords drawn between different points along the filament path (with different separation between them) all are characterized by angles relative to a given axis that are very similar to tangent angles of the filament paths close to the midpoint between the two chord-ends on the filament

To summarize, the results in [Fig. 3](#fig03){ref-type="fig"} suggest that, for accurate determination of the persistence length, it is important that 4 × pixel-size \< *v*~f~Δ*t* and, furthermore, that *v*~f~Δ*t* \<0.5 × *L*~P~ and \<12 × pixel-size.

One issue that was not explicitly considered in the analysis above is the exclusion of abrupt direction changes [@b57], i.e., instantaneous angular changes greater than a certain cut-off value. These abrupt changes in direction may occur in experiments, e.g., due to the presence of rigor heads. The abrupt changes may also be simulated but this was not done in the above analysis. However, in the analysis, we nevertheless used a cut-off value of 1.5 radians for all analyzed data. The reason for excluding the abrupt direction changes is that they are assumed not to be sampled from an angular distribution that is due to thermal fluctuations of the leading end of the filament [@b10]. Instead, we attribute them mainly to pinning of the actin filaments on rigor myosin heads in the in vitro motility assay [@b58]. However, for high *v*~f~Δ*t*/*L*~P~ ratio ([Fig. 2](#fig02){ref-type="fig"}), the choice of the cut-off value may introduce systematic overestimation of the persistence length by removing the filaments with the most curved paths from the analysis. Importantly, however, the data in [Fig. 3](#fig03){ref-type="fig"}F shows that any such effect is negligible with the cut-off value routinely used here, particularly as the error due to path truncation at large *v*~f~Δ*t*/*L*~P~ ratio (see above) would operate in the same direction as the effect of the cut-off. Nevertheless, it was of interest to examine how the introduction of the cut-off value influenced the estimate of the persistence length. To this end, we tested a number of different cut-off values, both for experimental data and simulations ([Fig. 4](#fig04){ref-type="fig"}A). It can be seen in [Fig. 4](#fig04){ref-type="fig"} that the dependence of the experimental data on the cut-off value closely mimics the results of Monte-Carlo simulations assuming one single population of actin filaments having a persistence length of ∼10 µm. This is also consistent with the well superimposed frequency distributions of the angular change between measurements for the experimental and simulated data ([Fig. 4](#fig04){ref-type="fig"}B).

![Cut-off angle. (A) *L*~P~ values for simulated (10 µm·s^−1^; *n*~f~ = 200).and experimental data (velocity; 7.68 ± 0.26 µm·s^−1^, mean ± 95% CI, *n*~f~ = 148) where different cut-off values for Δ*θ*(*s*) are used. Experimental data (circles) along with simulations (grey plus sign) representing one flexibility state (*L*~P~^theor^ = 10 µm) of the actin filament. (B) Frequency distribution of angular changes between subsequent analyzed frames (frame rate 5 s^−1^). Dashed vertical lines at cut-off values tested.](cm0070-0718-f4){#fig04}

A more detailed analysis was also performed of the effect of the cut-off angle on the final outcome of the analysis. The relevant scale in this case was the standard deviation (given by Eq. [2](#e1){ref-type="disp-formula"}; see below), i.e., for a range of conditions, we plot estimated persistence lengths against different cut-off values expressed in terms of the number of standard deviations. Data in [Fig. 5](#fig05){ref-type="fig"} are based on simulated results for three different sliding distances between image frames, i.e., for three different ratios *v*~f~Δ*t*/*L*~P~^theor^. In [Fig. 5](#fig05){ref-type="fig"}A, no abrupt changes in sliding direction are assumed. Data in [Fig. 5](#fig05){ref-type="fig"}B include such abrupt simulated changes, as described in "Materials and Methods" section. It can be seen from [Fig. 5](#fig05){ref-type="fig"}A that, in the absence of abrupt changes, the cut-off value should be larger than (Eq. [2](#e2){ref-type="disp-formula"}) as lower cut-off values lead to overestimated *L*~P~-values due to elimination of the most curved filament paths from the analysis. The data in [Fig. 5](#fig05){ref-type="fig"}B, including abrupt changes in \<2.5% of the updates of the sliding directions between data points, would clearly benefit from as low cut-off value as possible close to 3SD in order to prevent the abrupt changes to cause an underestimation of the persistence length. However, it is also clear that only a small error (less than ∼1 µm) is introduced if the cut-off value is in the range of 3--5 standard deviations.

![Effects of cut-off angle and sliding distance between measurements. (A) Cut-off values given in terms of the number of standard deviations for simulations without uniform random errors. (B) Same analysis as in A but with uniform random errors in about 2.5% of the updates of the sliding direction between subsequent measurement points along a filament path. Digitization effects considered neither in A nor in B. Theoretical persistence length in simulations, 10 μm.](cm0070-0718-f5){#fig05}

A comparison of the data in [Figs. 5](#fig05){ref-type="fig"} and [4](#fig04){ref-type="fig"}, where was about 0.39, indicates that the experimental data are affected by abrupt large changes in sliding direction. If the latter are taken into account it seems clear that the use of a cut-off of 1.5 radians (corresponding to 3.8 SD) leads to underestimation of the persistence length. Generally, it seems to be useful to plot the estimated *L*~P~ against the cut-off value, expressed in terms of SD, to judge the effects of abrupt angular changes. Otherwise, from a practical point of view it seems reasonable (cf. [Figs. 5](#fig05){ref-type="fig"}A and [5](#fig05){ref-type="fig"}B) to select the cut-off in the range between 3 and 4 SDs.

Analysis of persistence length data is subject to several complexities, whether the measurements are based on observations of motor propelled filaments in the in vitro motility assay or thermally fluctuating filaments in solution. In this connection one may first consider our experimental persistence length of ∼11.65 µm that is lower than the most frequently reported values for phalloidin labeled actin filaments (15--18 µm) [@b59]; [@b14]; [@b40]; [@b20]; [@b60]; [@b15]; [@b57]. This is probably related to findings [@b59]; [@b36]; [@b57] that the persistence length is reduced by binding of myosin motor fragments to phalloidin labeled actin filaments [@b59]; [@b38]; [@b57]. Whereas the effect was rather small at the ionic strength used here [@b57] it is also important to note that subtle differences in polymerization conditions [@b50] may produce actin filaments with varying flexibility. This is consistent with a rather low persistence length also in solution (12.61 ± 0.65 µm) in this study.

Another source of complexity worth considering is length dependent persistence length characteristic of certain versions of so called worm-like bundle model [@b16]. This type of behavior may be attributed to domination on different length scales of either homogeneous rod bending motions or shearing movements of monomers or cross-linking components relative to each other. The behavior has been experimentally demonstrated [@b41] and been proposed to explain the short persistence length (∼100 µm) measured from the path of kinesin propelled microtubules [@b36]; Van den [@b56] compared to \>1 mm for long microtubules based on thermal fluctuations in solution [@b14]. In contrast to the different persistence length estimates for microtubules in solution and when propelled by motors on surfaces, no consistent differences of similar type have been observed for fascin--actin bundles [@b52]. For isolated actin filaments, effects of this type are not expected.

As originally suggested in [@b10], the persistence length of motor propelled filament paths may be assumed to be determined by thermal fluctuations of the leading end of the filament and thus by the persistence length (materials properties) of this filament part. Generally, the rest of the filament is assumed to have the same persistence length as the leading end and thus trace out the same path as the latter. However, this may not always be the case, e.g., due to different structural states along a filament or with HMM propelled actin bundles (e.g., fascin--actin bundles) [@b21]; [@b53] with different number of cross-linked filaments along the bundle length. In the latter case, the central segment of the bundle may be expected \[*cf*. [@b21] to have higher rigidity than the front segment and thereby dominate in determining the sliding direction. Thus, a rigid bundle segment propelled by a large number of motors would not readily follow the path devised by a more flexible region at the front.

A final complication to consider is the possible effect of side-ways movement of motor propelled cytoskeletal filaments that may be produced by motor induced torques. The potential existence of this type of effects was indicated by consistently counterclockwise curved paths of actin filaments propelled by myosin 1c motors adsorbed to supported lipid bilayers [@b48]. While, the importance is uncertain for other surface-motor-filament combinations, the possibility of motor-induced sideways movements should be kept in mind. In this connection, it is important to consider the effect of lowered MgATP concentration on HMM propulsion of actin filaments. The reduced MgATP concentration both increases the fraction of the cycle time and the absolute time that the myosin heads spend attached to actin (thereby also increasing the number of attached heads at a given time). Any of these effects, or a combination of them, may explain the apparent reduction in the actin filament persistence length with reduced \[MgATP\] ([Fig. 3](#fig03){ref-type="fig"}D), either by affecting the filament structure (materials properties) or by imposing increased torque impulses randomly for clockwise or counterclockwise turning of the filament tip. These effects are interesting and deserve further investigations. However, due to the complexity of the phenomenon, such investigations are outside the scope of this study.

In contrast to the reduced velocity at lowered MgATP concentration (that selectively reduces the cross-bridge detachment rate) the reduced velocity at lowered temperature (reducing both cross-bridge detachment and attachment rates) was not associated with any significant effects on the path persistence length [@b57]

Conclusions and Perspectives
============================

Our results show that the persistence length of HMM propelled actin filaments may be estimated with high accuracy and reproducibility from the statistics of the winding paths of heavy meromyosin propelled actin filaments. For best performance, it is important: (1) to design the in vitro motility assay experiments appropriately as discussed above, (2) to choose experimental conditions such that four times the pixel-size is less than *v*~f~Δ*t* which is less than 12 times the pixel-size and less than 0.5 times the smallest expected persistence length value, (3) to include at least 200 independent filament paths in the analysis, and (4) to use a cut-off value corresponding to 3--4 times the lowest value of expected. Moreover, in order to test the appropriateness of the chosen cut-off value it may be useful to plot the estimated *L*~P~ value for varied cut-off values. Finally, we have highlighted complexities that are important to keep in mind when interpreting persistence length data obtained using the present approach.

This method to estimate the path persistence length should be readily made a routine part of in vitro motility assays thus expanding the amount of information to be gained from these. This may be of value to characterize functional changes in the actomyosin system introduced by various point mutations and would contribute to elucidating the possible role of structural changes in the actin filament in regulation [@b11]; [@b25] and/or actomyosin based force-generation [@b59]; [@b24].

Materials and Methods
=====================

Protein Preparations, Surface Preparations, and In Vitro Motility Assays
------------------------------------------------------------------------

Myosin was isolated from fast skeletal muscle [@b23] followed by preparation of heavy meromyosin (HMM) using tosyl-lysine chloromethyl ketone (TLCK) treated chymotrypsin. Actin was prepared from acetone powder [@b42]. Polymerization into actin filaments was achieved by adding KCl (50 mM) and MgCl~2~ (2 mM) to G-actin in a G-buffer of the following composition: 2 mM Tris base, 0.2 mM magnesium adenosine-5′-triphosphate (MgATP), 0.5 mM dithiothreitol (DTT), 0.2 mM CaCl~2~, 3 mM NaN~3~. Aliquots of F-actin were subsequently frozen in liquid nitrogen and stored at −80°C [@b3]. For phalloidin labeling, the actin filaments were treated overnight with tetramethylrhodamine isothiocyanate phalloidin (TRITC-Ph) or non-fluorescent phalloidin (Ph) at 50% molar excess (on actin monomer basis).

In vitro motility assays were performed using cover-slips that were functionalized with trimethylchlorosilane (TMCS) [@b51] for HMM absorption. All proteins were diluted in Buffer A \[10 mM 3-(*N*-morpholino)propanesulfonic acid (MOPS), 1 mM MgCl~2~, 0.1 mM potassium ethylene glycol tetraacetic acid (K~2~EGTA), 1 mM DTT, and 50 mM KCl\] Flow cells with TMCS-derivatized surfaces were first incubated with HMM (120 or 40 µg mL^−1^) for 2 min and subsequently with bovine serum albumin (BSA; 1 mg·mL^−1^) for 30 s. The ATP insensitive "rigor heads" of HMM were blocked by incubating non-fluorescent Ph labeled actin filaments for one minute before the flow cell was washed using Buffer B (10 mM MOPS, 1 mM MgCl~2~, 0.1 mM K~2~EGTA, 10 mM DTT, 25 mM KCl, 3 mg·mL^−1^ glucose, 20 U mL^−1^ glucose oxidase, 460 U·mL^−1^ catalase, and 1 mM MgATP). This was followed by a second wash with Buffer A. The TRITC-Ph labeled actin filaments were subsequently added to the flow cell and incubated for 30 s, followed by rinsing with Buffer A. Finally the assay solution was added. The assay solution was based on Buffer B but with an ionic strength of 130 mM by addition of appropriate amounts of KCl. Moreover, the assay solution contained 2.5 mM creatine phosphate, 56 U·mL^−1^ creatine kinase and 0.64% methylcellulose.

The image sequences for analysis of motility assays were obtained using a Nikon Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan) with epi-fluorescence illumination and a temperature regulated oil immersion Nikon 100×, 1.4 NA objective. The image sequences were recorded using an EM-CCD-camera (Hamamatsu, C9100) at frame rates of 5--10 s^−1^ as appropriate and with a pixel magnification of 0.165 × 0.165 μm^2^ per pixel.

Persistence Length of Actin Filament Paths
------------------------------------------

Actin filaments in the in vitro motility assay were randomly selected for tracking and analysis. Filaments that were clearly pinned on non-functional, rigor-like myosin heads or that were initially located closer to the image edge than 20 µm were excluded already in the tracking process. The persistence length of the filament paths were obtained from plots of a cosine correlation function, \<cos\[*θ*(*s*) -- *θ*(0)\]\>, against the distance (*s*) along the filament paths. In this case, *s* and *θ*(*s*) (the tangent angle at *s*) were obtained from coordinates obtained by manual tracking (using the computer pointer device) of the leading end of the filament at 0.1--0.8 s time intervals (depending on average sliding velocity). The tracking, as well as the subsequent calculation of the filament path length and the angle *θ*(*s*), was achieved using Matlab (MathWorks, Natick, MA) according to previously described principles [@b57]. On the assumption that the instantaneous changes in filament sliding direction were independent, we sometimes obtained several paths for analyses from a given filament. These different paths were assumed to be independent. For instance, a filament that could be observed sliding for more than 40 µm gave rise to 4 "independent" 10 µm paths.

The analysis algorithm that was run subsequent to tracking was designed to interrupt the analysis of a filament path if large and abrupt changes occurred in the sliding direction (e.g., due to the presence of occasional rigor heads). The appropriate definition of the cut-off angle defining an "abrupt change" in sliding direction was (unless otherwise stated) here taken as 1.5 radians, approximately 3--5 times the standard deviation of the angular change (Δ*θ*) in sliding direction between subsequent tracking points. This cut-off value was higher than in previous work [@b57]. The effects of choosing certain cut-off values are analyzed in some detail above.

After the tracking and initial processing, the persistence length (*L*~P~) was obtained from fits of an exponential function to the cosine correlation function (CCF; \<cos\[*θ*(*s*) − *θ*(0)\]\>) calculated from the experimental data:

Before fitting, data were pooled for path length intervals of 1 or 0.5 μm and the mean values of the cosine correlation function in these intervals (located in the midpoint of the interval) were used.

Monte-Carlo Simulations
=======================

Actin filament paths in the in vitro motility assay were simulated in Matlab, using a Monte-Carlo approach [@b35]; [@b36]; [@b34]). The random path was created by updating the sliding direction at defined short time intervals (Δ*t*) with an angular change (Δ*θ*~therm~) from a Gaussian distribution with zero mean value and a standard deviation [@b36]:

Here *L*~P~^theor^ is the theoretical persistence length of the simulated path. The Matlab random number generator for a normal distribution (random) was used in this step. The distance that a "filament" moved between subsequent updates in sliding direction was given by the product of Δ*t* and the velocity (*v*~f~). For evaluation of digitization effects, different pixel-sizes were simulated. In this case, the simulated coordinates of the filament were shifted to the centre of the pixel in the output.

Possible effects of uniform random noise (e.g., due to abrupt changes in sliding direction imposed by rigor-like heads) were included in the simulations by updating the sliding direction (Δ*θ*) using two components. One of these was due to thermal fluctuations of the leading tip of the filaments (Δ*θ*~therm~), simulated as described above. The second component was an abrupt change (Δ*θ*~uni~), possibly due to "pinning" of the filament on rigor-like cross-bridges. That is:

For each update the first term was obtained as described above. The second term, Δ*θ*~uni~, was set to zero in 97.5% of the cases (randomly determined) and drawn from the range \[−π, π\] radians, assuming a uniform probability distribution, in 2.5% of the cases.

The simulated filament paths, including complications as above, were used as a basis for obtaining cosine correlation functions. Persistence lengths were then obtained by exponential fits as described in detail for experimental data (Eq. [1](#e1){ref-type="disp-formula"}).

Statistical Analysis Including Non-linear Regression
----------------------------------------------------

Non-linear regression and statistical analyses were performed using GraphPad Prism (GraphPad Software, 6.00 for Windows, San Diego, CA). Because the number of data points decreased and the variance increased for higher values of *s*, the CCF was fitted to the mean values for each *s* without consideration of the experimental variability and the number of underlying measurements at the given *s*-value. Data are given as mean ± 95% confidence interval (CI) unless otherwise stated.
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